Abstract: Friction and wear phenomena encountered in mechanical systems with moving components are directly related to efficiency, reliability and life of the system. Hence, minimizing and controlling these phenomena to achieve the desired system performance is crucial. Among the numerous strategies developed for reducing friction and wear, coatings have been successfully utilized in various engineering applications to mitigate tribological problems. One of the benefits of coatings is that they may be fabricated using a variety of materials in several different forms and structures to satisfy the requirements of the operating conditions. Among many types, coatings that are comprised of a combination of materials in the form of a multilayer have been gaining much interest due to the added degree of freedom in tailoring the coating property. In this paper, the properties and development status of multilayer coating systems for tribological applications were reviewed with the aim to gain a better understanding regarding their advantages and limitations. Specifically, focus was given to Ti-based and Cr-based coatings since Ti and Cr were identified as important elements in multilayer coating applications. Emphasis was given to materials, design concepts, mechanical properties, deposition method, and friction and wear characteristics of these types of coatings.
Introduction
Friction and wear occur in all mechanical systems with moving components that are in contact with one another. These phenomena are largely responsible for the degradation of system reliability and performance due to excessive energy consumption and progressive loss of material. In this regard, considerable efforts have been devoted to develop effective methods to minimize and control friction and wear [1−3] . One of the methods is to use materials that possess low friction and wear properties in the form of a coating on sliding components. This strategy is highly preferred because fabrication of sliding components using these materials in the bulk form is not a cost effective or practical option for industrial applications. In addition, coatings can provide unique properties and multifunctionality, and therefore, offer superior tribological properties by incorporating different materials that would otherwise not be possible when using such materials in their bulk form [4] .
Coatings may be fabricated in a variety of forms and structures using different kinds of materials. Regarding the number of layers, coatings may be single layer, bilayer or multilayer (more than two layers) [5] . As for the microstructure of the coatings, it may range from a simple single homogeneous structure to more complex systems, such as alloyed, composite and gradient structures. Among the coating design concepts, multilayer coatings are particularly attractive because they provide the means to tailor the surface properties with more freedom. For instance, the ability to control residual stress, hardness to elasticity modulus ratio and adhesion to the substrate through strategic stacking of coating layers is beneficial for tribological performance improvement [6] . In this regard, the interest in multilayer coatings as an effective solution for the reduction of friction and wear has been growing rapidly.
In this paper, advancements made in the fabrication and development of multilayer coating systems for friction and wear reduction were reviewed. The aim was to provide a comprehensive overview of multilayer coatings for tribological applications and gain a better understanding of their advantages and limitations. The type of materials used for such coatings along with their design concepts, deposition method, mechanical properties, and friction and wear characteristics were investigated. Specifically, Ti-based and Cr-based coatings were emphasized since Ti and Cr were identified as elements used widely in many multilayer coating applications. Nevertheless, other types of multilayer coatings were also reviewed for comparison.
Materials and design
In recent years, many new materials with superior mechanical properties have been synthesized and utilized for tribological applications. These materials have been effectively incorporated in fabrication of functional coatings to reduce friction and wear.
Particularly, materials used for multilayer coatings may be categorized as ceramics, metals, solid lubricants, and diamond-like carbon (DLC) [7] . Ceramics (oxides, carbides, and nitrides of transition metals) are introduced to multilayer structures to provide sufficient hardness and wear resistance due to their strong interatomic bonding. Moreover, they have excellent adhesion to metal substrates and hard alloys. A classification of hard ceramic coatings for wear protection according to their bonding characteristics is presented in Fig. 1 . The downside of hard ceramic coatings is their brittleness and relatively high coefficient of friction (COF) (0.3 to 0.8) [8] . Therefore, they have limitations in tribological applications that require inherently low COF. To overcome this issue, materials with inherently low COF (below 0.1), also known as solid lubricants (e.g., MoS 2 , WS 2 , PbO, and graphite), are preferable to be employed as the topmost layer [9, 10] . Such coatings, however, have relatively low hardness and wear resistance. On the other hand, DLC is a unique material that offers outstanding properties, such as extreme hardness, high ductility, chemical inertness, high wear resistance and low COF (0.1 to 0.2). These properties together with optical transparency and biocompatibility make DLC an excellent candidate for a broad range of tribological applications in various industries [11] [12] [13] [14] . The structure, composition and 250 Friction 5(3): 248-262 (2017) | https://mc03.manuscriptcentral.com/friction functionality of DLC coatings vary depending on the deposition method and condition. When DLC structure is sp 3 -dominant, typically a higher hardness and lower can be expected. However, higher percentage of sp 3 also increases the internal stress levels that has negative effects on the coating wear resistance and limits the coating thickness. The main factors that limit the application of DLC in some cases are a high level of internal stress that limits its maximum thickness and relatively poor adhesion to metal substrates.
The coating materials discussed above certainly have merits for specific tribological applications. Nevertheless, their performance may be further enhanced by combining more than one material to produce a composite or a multilayer structure. In the material selection and design process of multilayer coatings, the basic idea is that the strength of one material should cover the weak property of the other so that superior tribological properties can be attained through the synergistic effects of these materials. For instance, a preferred multilayer coating design may be a combination of ceramics with good adhesion, solid lubricants with low COF and DLC with high hardness.
Multilayer coating design with respect to its function and structure considering the material selection of individual layers, interfacial layers and the layer structure regarding sequence and thickness allows for flexible tailoring of surface properties (e.g., hardness to elasticity modulus ratio) and performance ( Fig. 2 ) [6] . Fundamental studies have shown that a proper ratio of hardness to elastic modulus is a major criterion that influences the abrasive wear characteristics of a coating [3, 6] . Besides hardness, high toughness should also be assured to prevent early coating failure due to crack propagation and fractures. Coatings with high hardness and toughness may be realized through combinations of metallic/metallic, metallic/covalent or metallic/ionic hard materials. Attaining high stability at the interfaces within the coating by the formation of nanocrystalline or multilayer films may help to overcome these problems since interfaces in multilayer coatings serve as sites of energy dissipation and crack deflection leading to higher overall toughness of the coating [6] . When it comes to proper material selection, a variety of parameters such as hardness, elastic modulus, thermal expansion coefficient, crystal structure, stress discontinuity between layers and chemical compatibility between the coating and substrate should be considered. To optimize these parameters, one or more interlayers (also known as sublayers or adhesion layers) should be deposited on the substrate prior to deposition of the actual coating. Deposition of an interlayer significantly improves the compatibility between the substrate and coating, which in turn results in better tribological performance [15] .
Studies have shown that poor compatibility, mainly regarding chemical bonding, often leads to poor adhesion between the coating and the substrate, which results in coating delamination as the coating thickness increases [16, 17] . In this regard, interlayers for adhesion improvement against the substrate are an essential component of multilayer coatings. Figure 3 (a) presents a schematic of supporting layers, together with their role and functionality, in a typical multilayer coating system. The advantages derived by incorporation of the interlayer in designing multilayer coatings were demonstrated by Deng and Braun [16] . In their work, a DLC-based multilayer coating in a graded sequence was developed to optimize adhesion and ductility, which are crucial to attain good tribological performance of DLC coatings. A Ti layer was first deposited onto an AISI 420 steel substrate. Afterward, TiN, TiCN, and TiC were deposited in sequence to provide sufficient adhesion of DLC to the substrate and to ensure smooth boundary transitions. TiN and TiC ("binary" hard materials) are hard coatings with well-known variations in stoichiometry and properties depending on the deposition parameters [18] . A quite similar strategy regarding materials and the deposition sequence was proposed by many other researchers (e.g., Fig. 3(b) ) [7, [19] [20] [21] [22] [23] [24] . Voevodin et al. [24] demonstrated that the drawbacks of DLC were more pronounced when applied to relatively soft substrates such as steel. They described the role of Ti and TiC layers prior to the deposition of DLC as follows: (i) formation of a load support and adhesion promoting underlayer with mechanical characteristics that vary gradually from the substrate to the DLC layer; (ii) separation of hard DLC layers with interlayers of softer material to reduce stresses and cracks; and (iii) use of crystalline interlayers that permit operation of dislocation sources for stress relaxation and deflection of cross-sectional cracks. Furthermore, by deposition of periodically stacked Ti and TiN layers, Bemporad et al. [25] overcame the problem of high internal stresses in TiN coatings responsible for limiting their maximum thickness. Considering that thickness plays a major role in tribological systems, obtaining large thickness coatings without compromising adhesion and toughness is highly desirable.
Advantages in tribological properties were also found in alloying binary components with metal/metalloid components (e.g., Ti(C,N)). Su and Kao [20] performed a wear optimization study with respect to the thickness and deposition sequence of Ti-, TiN-, and TiCN-based multilayer coatings. It was found that the coating with a total thickness of 7 μm and layer sequence of TiN/TiCN/TiN had the optimum wear resistance. However, it was found that the wear behavior was strongly dependent on the amount of alloying element [18] . Such investigations were extended to a wide variety of elements such as Cr, Zr, Al, Si, etc. [26] [27] [28] [29] . Particularly, Cr-based coatings exhibited the potential to be a good candidate for tribological applications, and in some cases demonstrated better wear resistance than Ti-based coatings [18, 19] .
Deposition methods
In this section, an overview of the deposition methods used for the fabrication of multilayer coatings along with their advantages and disadvantages is discussed. In the past decade, various techniques have been employed for depositing multilayer coatings. The deposition techniques that have been widely used for the fabrication of multilayer coatings may be divided into two broad categories: chemical vapor deposition (CVD) and physical vapor deposition (PVD). To determine the most suitable deposition technique for the fabrication of a multilayer coating for a given material, the effects of the deposition technique on the mechanical and tribological properties of each individual layer should be considered. Though both PVD and CVD techniques have been employed for multilayer coating deposition, the preference seems to be toward PVD techniques. In order to obtain multilayer coatings with good adhesion, mechanical and tribological properties using the CVD process, a relatively high substrate temperature is usually required (>200 °C ). Therefore, the materials that can be used as substrate in the CVD process are limited because their properties can be altered at elevated temperatures in some cases (e.g., polymers and some metals). There are also some studies have reported using a combination of both CVD and PVD processes to fabricate multilayer coatings [30, 31] .
DLC, which is one of the most common materials used in multilayer coating systems, can be deposited using both CVD and PVD techniques. In the CVD process, methane (CH 4 ) gas is usually used as the carbon source that results in the incorporation of hydrogen atoms in the DLC structure during growth (known as hydrogenated DLC). Hydrogenated DLCs are rich in sp 2 hybrids with a relatively low percentage of sp 3 hybrids (less than 40%), which in turn leads to a lower hardness (lower than 20 GPa). Moreover, deposition of DLC coatings using the CVD method can result in a rough polycrystalline structure which lowers the transparency compared to that of DLCs with an amorphous structure. Therefore, DLC coatings fabricated by the CVD method are often not suitable for optical device applications [12, 32] .
The drawbacks mentioned above regarding the CVD method can be overcome by using PVD-based deposition techniques. In PVD processes, the coating is deposited by condensation from a flux of neutral or ionized metal atoms in a vacuum environment [27] . Several PVD techniques can be used for deposition of hard coatings. Among them, ion plating and sputtering processes are the most common PVD processes for the deposition of DLC (or multilayers in general). Each of these PVD processes has its unique features regarding the type of evaporation of the metallic components and plasma conditions during the deposition process. In the case of ion plating, evaporation takes place by a high-energy arc that quickly moves over a spot on the metal surface to be evaporated. The plasma generated consists of highly ionized metal vapor [32] . In the case of sputtering, atoms are ejected from a target by the impact of inert gas ions or energetic neutral atoms. Ion plating generally requires a higher energy input than the PVD sputtering process. Table 1 summarizes the characteristics and parameters of PVD-based deposition techniques [27] .
Ion plating-based techniques are typically used to deposit hard coatings because of the high ion energy and high ionization rate. However, the relatively large particles formed during the arc evaporation may lead to degradation of the coating properties [33] . Taking into account all the characteristics of the different PVD processes, PVD techniques based on sputtering is considered to be the suitable technique for multilayer coating fabrication [6] .
Sputtering processes allow precise control of the deposition parameters. Therefore, properties of the coatings (e.g., residual stress, hardness, morphology, etc.) being deposited can be readily adjusted to obtain the optimum properties for tribological applications. Li et al. [34] studied the effect of controlling the deposition parameters on the properties of multilayer coatings. A DLC multilayer coating was produced by controlling the negative applied bias during deposition. It was shown that the residual stress significantly increased from approximately 2 to 7 GPa as the negative bias voltage increased from −70 to −200 V (Fig. 4(a) ). The hardness also increased slightly from approximately 19 to 21 GPa (Fig. 4(b) ). Thus, drastic variation in the residual stress and hardness could be achieved by tuning the negative bias voltage during the deposition process. Paulitsch et al. [35] showed that power source used for deposition can greatly influence the tribologial properties of the coatings. As given in Table 1 , magnetron sputtering has a low ionization degree that often results in the formation of porous and underdense films with a high defect density if deposited at room temperature [36] . To overcome this problem, the conventional DC magnetron sputtering process was combined with high power impulse magnetron sputtering (HIPIMS) to deposit a CrN/TiN multilayer coating. HIPIMS allows a much greater metal-ion and plasma density, and thus, a higher ion to neutral sputtered species ratio due to the high-power dissipation can be delivered to the target (ionization rate above 40%) [37] . As a result, the HIPIMS process is beneficial for tailoring the morphology and structure of the coating. Experimental results demonstrated that the COF could be lowered significantly from 0.25 to 0.05 when an additional HIPIMS cathode equipped with a Cr or Ti target material was added to the process. Wang et al. [38] investigated the correlations between target power and Ar gas pressure on the characteristics W-Cu multilayer coatings. It was shown that a more dense coating could be deposited at a low Ar pressure and high power. Moreover, strong coating adhesion correlated well with dense layers and fine grain structure.
All the studies mentioned above showed that sputtering parameters significantly affect the structural, mechanical, and thus, the tribological properties of the coatings. In this regard, considering the desired material properties and target application is a major step prior to deciding the deposition method.
Friction and wear characteristics
The friction and wear characteristics, together with the mechanical properties of multilayer coatings fabricated using a wide range of materials were investigated. Considering the types of multilayer coatings with respect to the main element used in the coatings, the coatings were divided into three groups, namely Ti-based, Cr-based, and other materials. Ti and Cr are commonly used interlayers utilized as adhesion layers prior to deposition of the main multilayer coating on metal substrates. Ti and Cr are excellent adhesion layers because of their high binding energy that can readily form oxides, nitrides or carbides with adjacent layers. However, their effect on the performance and tribological characteristics of multilayer coatings strongly depends on their structure (e.g., polycrystalline or amorphous). Each structure can have its advantages or disadvantages, and therefore, should be decided carefully depending on the design strategy of the multilayer coating. For example, in a previous research where design of a multilayer coating with high degree of elasticity was desired, it was found that amorphous materials exhibited higher elasticity compared with their polycrystalline counterparts [3] .
Despite the large number of combination of materials reported in the literature for multilayer coatings, they mostly follow a logical and established principle that imposes a low friction and hard material as the top surface layer (e.g., DLC, WS 2 , etc.). While the bottom layers should provide sufficient support in terms of adhesion, hardness, ductility and elasticity to increase the overall coating stability, the upper layer should have low friction properties to minimize the generation of frictional energy that can be used to damage the surface layer. However, even after removal of the upper layers, the multilayer coating can still maintain its anti-wear properties because periodical alternation of such materials allows effective prevention of crack deflection and propagation, which is one of the major failure modes of coatings [20, 39] . Considering these factors, a desirable multilayer structure would be a coating that provides low friction at the surface with high shear strength and adequate elasticity within the coating layers [3] .
Ti-based multilayer coatings
As mentioned previously, enormous attention has been devoted to Ti and Ti-alloys as potential candidates to be used in multilayer coatings for tribological applications. In one of the earlier works, Deng and Braun [16] fabricated a multilayer system with a Ti/TiN/TiCN/TiC/DLC sequence using magnetron sputtering to improve the friction and wear properties of AISI 420 steel. A maximum hardness of 39 GPa and a minimum stable COF of ~0.25 could be achieved (counterpart: 6 mm Al 2 O 3 ceramic ball; load: 100 gf). Shortly thereafter, Voevodin et al. [24] attempted a more complex multilayer structure: (Ti/TiC/DLC/(Ti/DLC) ×20 ) and (Ti/TiC/DLC/(TiC/DLC) ×20 ). The TiC/DLC combination showed a higher hardness (30 GPa) than Ti/DLC (20 GPa) and a wear rate of about 10 −10 mm 3 /(N·mm) could be obtained. The minimum COF values against sapphire and steel counterparts (10 mm; load: 10 N) were approximately 0.09 and 0.2, respectively. Ogletree and Monterio [39] demonstrated the effectiveness of DLC/TiC multilayer coating to reduce the friction of AISI 01 tool steel. The number and thickness of layers within the films were varied while the total thickness was made to be approximately constant. A minimum COF of ~0.15 was achieved (counterpart: 6.25 mm Al 2 O 3 ceramic ball; load: 2 and 5 N). Su and Kao [20] performed an optimization study on multilayers with TiN/Ti/TiN and TiN/TiCN/TiN sequences. Experimental results indicated that a coating with a total thickness of 7 μm and layer sequence of TiN/TiCN/TiN exhibited good wear resistance. The TiN/Ti/TiN sequence, despite a higher hardness value, showed a lower wear resistance. A minimum COF of 0.1 in the lubrication condition was achieved (counterpart: steel ball). The potential of TiN/TiCN sequence for friction and wear reduction was further investigated by Zheng et al. [40] . A maximum hardness and minimum wear rate of 34 GPa and 1.15 × 10 −9 mm 3 /(N·mm), respectively, were obtained. The coating showed different COF values of 0.12 and 0.65 when slid against 3 mm Si 3 N 4 ceramic ball and steel ball counterparts (load: 1 N), respectively. At elevated temperature (550 °C ), Bao et al. [22] studied the tribological behavior of TiCN/TiC/TiN multilayer coatings deposited by CVD on high-speed steel substrates. The coating showed a relatively high COF (0.6) and wear rate (7.3 × 10 −9 mm 3 /(N·mm)) at 550 °C against a 5 mm WC ceramic ball under 20 N in comparison to the COF and wear rate obtained at room temperature (0.5 and 5.3×10 −10 mm 3 /(N·mm), respectively).
Cheng et al. [33] performed a comprehensive study on the mechanical and tribological behavior of TiN/Ti multilayer coatings. Multilayers with a fixed TiN layer thickness and different Ti layer thicknesses were deposited by using a filtered arc deposition technique. The results revealed that increasing the Ti layer thickness from 0 to 150 nm lowered the hardness (from 32 to 16 GPa) and wear resistance, significantly. A minimum wear rate and COF of ~2×10 −9 mm 3 /(N·mm) and ~0.6 (counterpart: 6 mm Al 2 O 3 ceramic ball; load: 1 N), respectively, were achieved. By adding a DLC layer on the top and reversing the deposition sequence of TiN and Ti (Ti/TiN/DLC), Liu et al. [41] and Kot et al. [42] tried to improve the friction and wear behavior of steel substrates. A minimum wear rate of approximately 1.2 × 10 −9 mm 3 /(N·mm) under 5 N was obtained [42] . The multilayer coatings showed maximum hardness values of 32 GPa and 20 GPa and the minimum COF values of 0.25 and 0.15, respectively (counterparts: 4mm steel ball and 6 mm Al 2 O 3 ceramic ball). Al-Bukhaiti et al. [43] assessed the effects of normal load and sliding speed on the friction and wear behavior of [Ti/TiAlN/TiAlCN] 5 multilayer coatings with addition of Al deposited on AISI H11 steel using magnetron sputtering. The coatings showed a maximum hardness of 20 GPa. The lowest COF and wear rate were 0.25 and ~3 × 10 −9 mm 3 /(N·mm), respectively (counterpart: 6 mm Al 2 O 3 ceramic ball, load: 2-10 N). Chu and Shen [44] investigated the tribological behavior of TiN/TiBN multilayer films with different bilayer thicknesses (from 1.4 to 9.7 nm) deposited on Si and AISI M42 tool steel. The mechanical and tribological properties of multilayer coatings were found to be closely related to the bilayer thickness. For the bilayer thickness of 1.8 nm, a maximum hardness of 29.5 GPa was achieved and a minimum COF of 0.5 was obtained (counterpart: WC ceramic ball; load: 5 N). Zhang et al. [45] deposited Ti(C,N) multilayer coatings by magnetron sputtering on Si and assessed their hardness and COF with respect to the current fed through the graphite target. As the current increased from 0.3 to 1.8 A, the hardness increased initially (maximum hardness of ~45 GPa at 0.9 A) and then decreased gradually. As a result, the COF monotonically decreased down to a constant value of approximately 0.2 (counterpart: WC ceramic ball; load: 6 N). Liu et al. [46] investigated the tribological and mechanical properties of TiN/CN x multilayer coatings deposited by magnetron sputtering. The hardness of the coatings varied from 12.5 to 31 GPa with respect to the bilayer thickness (from 4.2 to 40.3 nm). The multilayer coating with a bilayer thickness of 4.2 nm showed the highest hardness and the lowest COF and wear rate (0.12 and 7 × 10 -11 mm 3 /(N·mm), respectively) against a 3 mm Si 3 N 4 ball counterpart under 5 N applied load. Kumar et al. [47] fabricated and compared various TiC-metal carbide-based multilayers (ZrC, CrC, and WC) deposited on 316LN steel by magnetron sputtering. Experimental results revealed the poor crystalline nature of the TiC/CrC multilayer, which was postulated to be the reason for the relatively low hardness and wear resistance. The TiC/ZrC multilayer showed the highest hardness (~30 GPa) and the best tribological performance among the coatings with a minimum COF of 0.43 and a wear rate of 2.1 × 10 −11 mm 3 /(N·mm) (counterpart: 6 mm steel ball, load: 1 N).
Multilayer coatings consisting of both Ti-based and Cr-based nitrides were also developed [35] . This study showed that the CrN/TiN multilayer coatings were effective in reducing the COF of bare steel from 0.7 to 0.35 (H−25 GPa, modulus−375 GPa) ( Fig. 5(a) ) by decreasing the bilayer thickness from 7.8 to 6.4 nm while keeping the CrN layer thickness constant at 3.2 nm. It should be noted that a further reduction of the COF at room temperature dry sliding condition to approximately 0.25 or 0.05 (counterpart: 6 mm Al 2 O 3 ceramic ball; load: 1 N) could be obtained when Ti and Cr were deposited by an HIPIMS cathode (Fig. 5(b) ).
Cr-based multilayer coatings
Numerous multilayer coatings based on Cr have also been developed. Yang and Teer [18] Vyas et al. [51] performed a fundamental study on the frictional behavior of CrN/CN x nano-scale multilayer coatings deposited on Si and high speed steel (HSS) by magnetron sputtering. The effects of negative substrate bias voltage and bilayer thickness on the structural and frictional properties were assessed. A maximum hardness of ~36 GPa and a minimum COF of ~0.4 at 140 V were achieved (load: 10 N). In another study performed by Bayon et al. [52] , the tribo-corrosion property of Cr/CrN multilayer coatings deposited by the cathodic arc method on steel and silicon substrates was investigated. A maximum hardness of ~29 GPa and a minimum COF of ~0.3 was achieved (counterpart: 4 mm Si 3 N 4 ball). A more complex system was synthesized by Shi et al. [53] by nitriding of Cr, Ti, and Al (CrN/TiN/CrN/AlN) on a Mg alloy substrate using a magnetron sputtering ion plating system at different bias voltages (ranging from -40 to -90 V). The coating deposited at -50 V showed the lowest COF of ~0.25 (counterpart: Si 3 N 4 ball). Gilewicz and Warcholinski [54] improved the tribological properties of a HS6-5-2 steel substrate using a Mo 2 N/CrN multilayer coating. The multilayer coating showed a hardness above 25 GPa and a lower COF and wear rate than those of the single layer CrN coating. A minimum COF and wear rate of 0.4 and 9 × 10 −11 mm 3 /(N·mm) (counterpart: 10 mm Al 2 O 3 ball; load: 30 N) were achieved, respectively.
Other materials
A variety of materials other than Ti-based and Cr-based materials have been employed to design and fabricate multilayer coatings. As for metal/metal-based multilayer coatings, Ghosh et al. [55] deposited [Ni (4.5 nm/Cu (2, 4, and 8 nm)] multilayer coatings on a stainless steel (AISI SS 304) substrate. The multilayer coating with the minimum Cu thickness showed the lowest COF and wear rate of ~0.4 and 1.3 × 10 −7 mm 3 /(N·mm), respectively (counterpart: 6 mm WC ceramic ball; load: 3−11 N). Detailed investigation of the wear scar morphology, as well as wear rate measurement, revealed the significant dependence of the wear mechanism to the applied normal load. At low loads, the H/E ratio and residual stress governed the wear rate, and the principle wear mode was abrasive. At moderate loads, the role of residual stress became insignificant while wear was governed by the H/E ratio and plastic deformation. However, at higher loads, plastic deformation played a major role in dictating the wear behavior. Miki et al. [30] fabricated DLC/ W-based multilayer coatings using RF CVD and magnetron sputtering on Si and studied their frictional behavior under N 2 atmosphere. A minimum COF of ~0.1 was achieved (counterpart: 6 mm steel ball; load: 1 N).
Gayathri et al. [56] performed a comprehensive study on the tribological properties of DLC in combination with various transition metals (Cr, Ag, Ti, and Ni) in the form of periodical multilayers deposited by a pulsed laser. DLC/Ni and DLC/Ti multilayer coatings showed the lowest COF of 0.1 and the highest wear resistance among the coated specimens. However, the hardness values turned out to be quite similar (9) (10) (11) for all the coated specimens. Detailed analysis revealed the formation of a tribofilm, which was believed to be responsible for the relatively low wear in the case of DLC/Ni and DLC/Ti multilayer coatings (counterpart: 6 mm steel ball; load: 1 N). Kilman et al. [31] utilized Al in hydrogenated amorphous carbon (a-C:H:Al) to fabricate a multilayer coating on AISI M2 high-speed steel. It was found that even though the inclusion of Al lowered the mean hardness value compared to pure a-C:H coatings, the frictional behavior was improved. The COF decreased from approximately 0.2 to 0.1 when slid against a 6 mm steel ball under an applied load of 10 N.
Liu et al. [57] deposited carbon nitride (CN x /CN x ) multilayers with sequential sp 3 -rich (54% sp 3 ) and sp 2 -rich (26% sp 3 ) layers on Si using magnetron sputtering technique. The multilayer coating showed a lower compressive stress (approximately 60% lower) and a higher hardness than the individual layers. A minimum COF of ~0.1 and maximum hardness of ~30 GPa could be achieved. In a more comprehensive study, a similar concept was applied to DLC multilayer coatings consisting of sp 2 -rich (soft DLC) and sp 3 -rich (hard DLC) phases with different thickness ratios (hard DLC/soft DLC: 2:1, 1:1, 1:2) [58] . The coatings were deposited using the filtered cathodic vacuum arc (FCVA) method on Si and Ti-6Al-4V alloy substrates. The hardness of the coatings varied from ~14 to ~24 GPa depending on the modulation ratio. It was found that the multilayer DLC coatings with different modulation ratios could effectively decrease the residual stress of monolithic hard DLC coatings (Fig. 6) . The experimental results showed that the multilayer coating with 1:1 thickness ratio resulted in the best wear resistance due to a balance between hardness and residual stress. Bewilgua et al. [59] investigated the tribological properties of a carbon-based multilayer coating (a-C:H/a-C:H:Si:O and a-C:H/a-C:H:Si) fabricated by plasma assisted chemical vapor deposition (PACVD) using methane (CH 4 ), hexamethyldisiloxane (HMDSO) and tetramethylsilane (TMS) as precursors. Using this combination, a maximum hardness of approximately 23 GPa and a minimum COF of 0.1 was achieved (counterpart: steel ball). Liu et al. [60] developed a multilayer structure composed of WC and C periodic coatings fabricated by sputtering technique. A maximum hardness of ~14 GPa was achieved. The coatings were prepared with two different top layers (WC and C) and sliding tests against a steel counterpart were performed. The multilayer coating with WC top layer showed a higher COF and wear rate when compared to those of coatings with C top layer. A minimum COF of ~0.1 was achieved (load: 0.2−0.9 N). Braic et al. [61] prepared a TiSiC/NiC multilayer coating by a cathodic arc in a CH 4 atmosphere and studied the effects of bilayer thickness ranging from 2.5 to 19.8 nm on their friction and wear behavior. The best tribological characteristics were obtained for the multilayer coating with a bilayer thickness of 4.8 nm. The coatings showed hardness values ranging from 19-26 GPa and the minimum COF and wear rates were 0.16 and 2.9 × 10 −7 (mm 3 /(N·mm)), respectively (counterpart: 6 mm sapphire ball; load: 3 N). Braic et al. [62] also investigated the structural and tribological properties of Zr/ZrCN multilayer coatings (bilayer thickness: 4.4 to 70 nm) deposited on M2 steel and Si substrates using cathodic arc technique. The coatings showed a maximum hardness of ~28 GPa. Multilayer coatings with a bilayer thickness of 13 nm exhibited a minimum COF and wear rate of 0.2 and 2×10 −9 mm 3 /(N·mm), respectively (counterpart: 6 mm sapphire ball; load: 3 N). Ge et al. [63] employed a different strategy using VC/Ni multilayer coatings to improve the wear resistance of M2 tool steel. The coatings exhibited wear rates in the order of 10 −9 mm 3 /(N·mm), which was one order of magnitude lower than that of bare tool steel. A maximum hardness of ~18 GPa and a minimum COF of ~0.6 was achieved (counterpart: 6 mm Al 2 O 3 ball; load: 1 N).
Penkov et al. [3] reported on the development of a novel functional coating that was comprised of alternating nanolayers of amorphous carbon and cobalt that exhibited extraordinarily high micro-and macro-scale wear resistance in ordinary atmospheric condition. Multilayers with various thicknesses of amorphous carbon (4, 8, 12, 16 , and 19 nm) and cobalt (1.5 to 5.6 nm) were deposited to identify the optimum structure to obtain the minimum COF and wear rate ( Fig. 7(a) ). Co was selected as the pair material for amorphous carbon based on the following criteria: limited intermixing with carbon, formation of an amorphous structure, the ability to form a nanometerthick continuous layer by sputtering, and a high hardness and Young's modulus [64] . A minimum wear rate of 3 × 10 −13 mm 3 /(N·mm) was obtained that was 8−10-fold lower than that of the lowest previously reported value (counterpart: 1 mm steel ball; load: 3 gf). Such a low wear rate could be achieved because of the unique structure of the multilayer coatings that simultaneously provided high elasticity and ultrahigh shear strength (Fig. 7(b) ). The coatings showed a COF of 0.1, which remained stable for more than one million cycles (Fig. 7(c) ).
As for a polymer-based multilayer coating, Ou et al. [65] successfully fabricated a polydopamine (PDA)/grapheme oxide (GO) multilayer coating on a Si substrate using a layer by layer self-assembling process. The experimental results showed that the coatings improved the frictional behavior (COF: ~0.18) significantly when compared with the bare substrate (counterpart: 3 mm steel ball; load: 0.5−1 N). Besides this work, multilayer coatings based on polymeric materials could not be found.
Summary
The status and properties of multilayer coating systems for tribological applications were reviewed. Special attention was given to materials, design concepts, mechanical properties, deposition method, and friction and wear characteristics of these types of coatings. Based on the extensive literature surveyed, it may be stated that multilayer coatings offer the means to tailor the surface properties of mechanical components to attain the properties in demand. The primary design parameters for multilayer coatings are material selection, number of layers, thickness of individual layers, interlayer type and microstructures of the layers [6] .
It should be noted that classification of the tribological properties of different multilayer coating systems is not straightforward due to their system and material dependencies. Friction and wear are not only dependent on the materials, but also on the deposition method and parameters together with the properties of the counter body [66] . Given the wide spectrum of materials and methods used to fabricate multilayer coatings for tribological applications, the most relevant works may be summarized as shown in Table 2 .
By selecting the proper combination of materials and design strategy, multilayer coatings can be adapted to reduce friction and increase wear resistance of mechanical components in a variety of tribological applications. Because of high level of flexibility in multilayer coating systems with respect to design variables, there is still much room for further optimization of these types of coatings [67] . With further effort in identifying the effects of numerous process parameters in the fabrication and design of multilayer coatings on their tribological properties, better coating systems with superior functionality are expected to be achieved.
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